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Degradation pathways of carbon supported Pt-based nanocatalysts (NCs) during oxygen reduction reaction in fuel cell redox cycle.
Activity is not only one factor linked with the efficiency of nanocatalysts (NCs). NCs are expected to maintain their decisive features during the complete lifecycle of several thousands of hours. Especially at the cathode side, where the catalyst is exposed to the most drastic operating conditions, the stability of catalyst is a crucial prerequisite for high-performance fuel cells. Limited electrochemical stability of the current carbon supported cathodic NCs during oxygen reduction reaction in fuel cell redox cycle is one of the major bottleneck in the development of fuel cells. Scheme S1 shows the detailed schematic for the degradation of Pt/C catalyst.
The duty cycles of repeated start-ups and shut-downs were found to be extremely harmful to the catalyst and often have a dominant influence on its durability. 1- 3 The main reason for catalyst degradation is that, the fuel cell undergoes high potentials during initial phase that lead to carbon and Pt degradation processes. As shown in Scheme S1, there are five major pathways responsible for NC degradation in the redox cycles. They are (1)
Carbon support oxidation or decomposition/corrosion to CO 2 during electrochemical reactions at the NC interface. Carbon corrosion is very detrimental to long term fuel cell durability. Following reaction is responsible for such decomposition
Factors including the presence of platinum, vigorous moist environment, temperature and the amount of carbon exposure will all play an influential role in carbon corrosion, (2) catalysts detachment, (3) Pt is dissolved and/or sintered into bigger agglomerates. Meanwhile, the agglomeration process is accelerated by carbon corrosion in oxidative conditions. As a result, NCs are detached from their support and tend to gather together, which results in the lower fuel cell performance, (4) NC agglomeration by interfacial atomic diffusion between nanoparticles and (5) Platinum nanoparticle dissolution and/or agglomeration will also occur during long periods of fuel cell operation. Nano sized platinum particles have very high surface energies that promote their S3 migration and agglomeration into larger particles in order to reduce the surface energy of these materials. This phenomenon is commonly referred to as ostwald ripening. NC growth through metal corrosion followed by redeposition of metal ions to neighboring NCs from residual metal ions in the electrolyte or diffusion in the carbon surfaces. Surface poisoning or passivation by strongly bonded molecules at NC surfaces is also cause performance loss. Therefore, more durable, efficient, and inexpensive fuel cell electrocatalysts are desperately required before fuel cells can become commercially viable. 
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Comparative XRD analysis of Cu@Pd/Pt-H NC with control samples. Figure S2 , peaks X1 and X2 refer to diffraction lines of (111) and (200) facets of metallic Pt phase in Pt-CNT crystal. For Pd-CNT, the asymmetry peak profile accounted for formation of PdO phase.
As depicted in
In case of Pd@Pt NC, compared to that of Pd-CNT, larger extent of peak upshift at X1 and X2 reveals the higher extent of Pd-to-Pt intermix at (111) and (200) Table S1 . 
S7

